In this study, recent developments in headspace gas chromatography (HSGC) are briefly reviewed. Several novel HSGC techniques developed recently are presented in detail. These techniques were developed using the unique characteristics of the headspace sampling process implemented in commercial HSGC systems and therefore can be easily applied in laboratory and industrial practices. These techniques greatly expand the capability of traditional HSGC from simply analysis of volatile species to the measurements of nonvolatile species in solid systems and their properties in aqueous systems. The basic principles of the techniques along with specific applications are presented. These HSGC techniques are practical, accurate, and simple for both laboratory and industrial applications.
INTRODUCTION
Headspace gas chromatography combines sampling in a headspace of a closed container, for example, the space occupied by gases or vapor in a sample vial, with analysis of the sampled gases or vapor by gas chromatography. The advantage of the headspace sampling is that direct liquid or solid probing is avoided and complex sample matrix in a liquid or solid sample can be simplified or even eliminated in its vapor phase. The basic principle of headspace gas chromatography (HSGC) and many useful techniques can be found in textbooks [1] [2] [3] and review articles [4] [5] [6] . The key in HSGC is the sampling and transfer of the samples in headspace to GC. Several techniques have been developed and some are commercialized, such as "purge and trap", vial pressurization for static headspace sample transfer, and multiple headspace extraction (MHE) in static headspace. Recently, solid phase microextraction (SPME) attracted great attention for its capability in analyzing at the part per billion (ppb) level [7] . With the advances in gas chromatographic technology, the application of HSGC has been broadened significantly. Recent trends in HSGC application have shifted to agricultural and food science [8] [9] [10] , pharmaceutical and medical analysis [11] [12] [13] , criminal justice and law [ 14, 15] , and environmental analysis [16, 17] . A recent review of different sample transfer methods and their applications can be found in the article by Snow and Slack [18] . A recent book also reviewed the application of HSGC with mass spectrometry [19] .
Traditional static HSGC relies on the vapor-liquid equilibrium (VLE) of a volatile species in a nonvolatile matrix within a closed container for determining the concentration of the volatile species in the sample. It is believed that the concept of VLE, which HSGC was initially *Address correspondence to this author at the USDA Forest Service, Forest Products Laboratory, One Gifford Pinchot Drive, Madison, WI 53726-2398, USA; Tel: (608) Fax: (509) developed from, should not limit further development of HSGC technology. For example, the purge and trap technique and the multiple headspace extraction techniques slightly deviate from the traditional application by using the idea of "achieving complete extraction" of the species of interest from the sample. In commercial headspace systems, the headspace is the open space of a sample vial that is placed in an isothermal environment. This unique isolated isothermal environment along with the versatility and automation of commercial systems in sampling and sample transfer offer many opportunities for new developments in HSGC, which can provide unavailable capabilities for applications in laboratory and industry. The present authors have devoted much of their recent research effort to developing simple, accurate, and practical analytical procedures using advanced commercial HSGC instruments. Our research focus is on the full utilization of the wellcontrolled headspace environment in commercial headspace systems to explore their capabilities. This article presents part of our own and some other research efforts on the development and applications of several HSGC techniques. The objective is to inspire innovations and developments of HSGC technology without being limited by the initial intentions of its invention and to fully explore its hidden potentials.
FULL EVAPORATION HEADSPACE TECHNIQUE
The full evaporation (FE) technique was one of the early HSGC techniques. It utilizes the headspace sampler as an evaporator rather than an enclosed static VLE space to achieve quantitative analysis of volatile species in samples. The technique was initially developed by Markelov and Guzowski [20] in 1993. A very small sample size was used in a sample vial to achieve a near-complete evaporation or transferof analytes from a condensed matrix into a vapor phase in the headspace of the sample vial in a very short period of time; therefore, VLE and sample pretreatments are not required. Detailed mathematical derivation of the FE HSGC method can be found in the work of Markelov and Guzowski [20] . To achieve the benefit of the intended purpose of FE HSGC (that is, sample matrix independence) a near-complete (or constant percentage of) transfer of the analyte into the vapor phase is required, but complete evaporation of the analyte is not necessary, which makes the technique practical and versatile.
We recently applied the FE HSGC technique using a pulsed flame photometric detector (PFPD) [21] to solve a very difficult analytical problem in the pulp and paper industry -measuring organic sulfur compounds, for example, methyl mercaptan (MM), dimethyl sulphide (DMS), and dimethyl disulphide (DMDS), in kraft pulping spent (black) liquor. The tedious and time-consuming solvent extraction technique is most commonly used in industry practice. Because no liquid form of MM can be obtained in an ambient environment, it is difficult to quantify MM in liquid samples by some GC methods, for example, the standard addition method. The near-complete evaporation of the species of interest in FE HSGC makes it possible to use an external gas standard for calibration. It was found that near-complete evaporation of DMS can be achieved with sample sizes as large as 400 µL at headspace temperature of 80°C as demonstrated by the linear relationship between the square root of PFPD signal counts with the sample size of the liquor [21], a unique characteristic of PFPDs. The accuracy of the measurements was demonstrated by the standard deviation of the PFPD counts of only 1.6% when the same amount of 1-µg DMS was spiked into a set of water solutions of volume ranging from 6 to 21 µL. The matrix-independence of the measurements was demonstrated by the very small variance of 4.1% of the measured PFPD signal counts of DMS from several samples with different composition. The samples were obtained by spiking a fixed amount of DMS into several nonsulfur-containing pulping liquors obtained from various pulping stages.
Another recent application of FE HSGC was carried out by Chai and others [22] to determine the residual monomer in polymer latex. The determination of monomer in methyl methacrylate (MMA) polymer latex is very important in providing process conversion efficiency for process optimization. In a high conversion (>95%) polymer latex sample. the monomer species can be assumed to be distributed in both the aqueous and solid polymer particle phase. A material balance of an analyte dispensed into a sampling vial can be described by the following equation:
denominator decreases with increase in temperature. At a certain temperature, the second term is much smaller than V G and can be ignored. Therefore, the monomer in the polymer latex can be accurately quantified simply by analyzing the vapor phase in the headspace. Chai and others [22] plotted the ratio of the measured peak areas of the monomer obtained from two consecutive headspace extractions under an equilibrium time of 5 min to indirectly verify whether or not near-complete evaporation was achieved. As shown in Fig. 1 , a close to zero ratio was obtained at about 110°C. A headspace extraction efficiency of 94% (estimated from the first two consecutive extractions) was achieved for a sample of 30 mg. Furthermore, measurements from a set of six synthetic samples containing the same amount of MMA and different amount of poly-MMA ranging from 0% to 25% resulted in a standard deviation of only 3.8%, indicating full-evaporating headspace analysis can be accurately applied to monomer analysis in polymer latex at 1 10°C.
( 1) where V G and V R are volume of headspace and sample residual volume, respectively, and C G and C aq are concentration of monomer in headspace and aqueous phase, respectively. S is amount of monomer partitioned (coefficient K l ) to unit mass of solid X is volumaotric content of solid. Therefore, the monomer concentration in headspace can be (2) Because K is proportional to temperature while K 1 is inversely proportional to temperature, the second term in the 
PHASE REACTION CONVERSION HEADSPACE TECHNIQUE
The phase reaction and conversion (PRC) HSGC technique was first developed by the present authors for the determination of a nonvolatile species (carbonate) in kraft pulping liquor [23] . The technique completely drifts away from the VLE concept, which development of HSGC was based on. The PRC HSGC technique is based on the conversion of a fixed percentage, including complete conversion, of an unknown nonvolatile analyte in a liquid or solid state into a gas state through chemical reactions. The analyte is then analyzed through the measurements of the gas products in HSGC. By maintaining a constant or complete conversion efficiency in the headspace, quantitative analysis of the nonvolatile analyte in a sample can be achieved through calibration. With a one-step conversion reaction, the following relationship can be obtained between the unknown in the headspace gases, which can be analyzed by HSGC. species mass mB in the sample and its molar concentration (3) where CB is the molar concentration of the analyte B in the original sample to be determined, a is the reaction conversion efficiency of analyte B, and b and q are the stoichiometric coefficients of the sample B and the product gas Q to be analyzed by HSGC in the one-step reaction. V T and V L are the volumes of the reactor (sample vial) and the post-reaction residual liquid, respectively, and V T -V L is the post-reaction headspace volume. V s is the initial volume of the unknown sample used in measurement. CQ is the molar concentration of the product gas Q in the headspace at the completion of the reaction and can be measured by GC.
We used sulfuric acid as reactant R to convert carbonate in kraft pulping liquor to carbon dioxide (CO2) to determine carbonate using (Eq. 3) [23] . The CO2 was measured by a thermal conductivity detector (TCD). The sample vial was purged with nitrogen before adding reactants to eliminate the effect of CO2 in ambient air on measurements. It was found that the standard deviation of measured TCD signal was only 1.3% when the same amount of 1-µg sodium carbonate was spiked into a set of aqueous solutions with sample size ranging from 100 to 350 µL. Repeatability tests indicated that the measurement precision was 0.62% and 3.74% for carbonate measurements in aqueous solutions and pulping spent liquor, respectively. Simultaneous measurements of multiple species, that is, carbonate and sulfide, in three types of kraft liquors were also demonstrated through the measurements of CO2 and H2S. Comparisons with measurements obtained from coulometry and titration methods showed the differences are within 5%.
We later applied the PRC HSGC technique to determine carboxyl groups in wood fibers, another difficult industrial problem [24] . It was found that carboxyl groups in wood fibers can be converted to CO2 using bicarbonate after the fiber is pretreated by hydrochloric acid. It was found that a constant fraction of conversion of treated fiber to CO2 was achieved within 10 min of reaction at 60°C when 0.05 g of air-dried fiber was used in a 4-mL 0.001 mol/L sodium bicarbonate solution. We found that the sodium chloride present in the reaction solution can affect the measured CO2 signal counts using TCD, which could be caused by the reduced solubility of CO2 in the solution because of increased ion concentration and the increased release rate of hydrogen ions from carboxyl groups. However, when the solution is doped with more than 0.1 mol/L of sodium chloride, the effect of sodium ion effect on TCD signal strength can be eliminated.
Most recently, Guzowski and others [25] applied the phase reaction conversion technique to determine hydroxylamine in pharmaceutical preparations using HSGC. Hydroxylamine was converted into nitrous oxide (N2O) in a single-step reaction through the reaction with FeC13 in a buffer solution of sodium acetate. The N2O product gas was measured by an electron capture detector (ECD). The effect of matrix composition (Fe 3+ ion, base, buffer, solvent) was found to be significant on an ECD-measured signal of N2O. It was found that the ECD response was greatest when equal molar amounts of iron to base were used. A hydroxylamine recovery efficiency of 98% was obtained from a sample matrix that only contains drug substance. 
HEADSPACE GAS CHROMATOGRAPHY FOR SOLUBILITY DETERMINATION
Solubility determination using HSGC was first demonstrated by the present authors [26] through the measurements of the VLE behavior of a volatile species doped in a salt solution. The technique is based on the wellknown fact that the VLE partitioning behavior of a volatile species is affected by the presence of salt in the solution due to molecular interaction (the so-called "salting in" or "salting out" effects). The effect of inorganic salt on VLE behavior of methanol aqueous solution was well documented in one of our early studies [27] . It was found that the presence of inorganic salt reduced the solubility of methanol in water, that is, the VLE partitioning coefficient of methanol is proportional to the salt concentration. Further study indicates that the logarithmic VLE partitioning coefficient is correlated to the ionic strength in the solution regardless of the type of salt used. It is expected that when the salt is saturated in the solution, a constant VLE partitioning coefficient can be obtained. Therefore, the solubility of the salt can be obtained. Because the headspace sampler is an excellent isothermal chamber, the solubility of a salt at a given temperature can be determined. Fig. 2 shows the determination of the solubility of sodium carbonate and sodium sulfate in aqueous solutions at 60°C. Good agreement between the measured solubility data shown in (Fig. 2) and those reported in literature were obtained. The difference was about 7%. We also found that the solubility of sodium carbonate in a two-salt aqueous solution and in a spent pulping liquor (complex matrix with multiple salts and other organic materials of various concentrations) can be determined using the HSGC technique [26] . Some colloidal in suspension can interact with volatile species, which can be used to quantify suspended colloidal in the system. Our laboratory study indicated that by measuring the effect of colloidal on the VLE behavior of the volatile species, such as toluene (Fig. 3) , the amount of colloidal (pressure sensitive adhesive) in suspension can be quantified, which is very important in paper recycling practice because adhesives on wastepaper can disintegrate and form stickies that affect paper machines.
where a and b can be calculated [35] and only depend on the headspace operating conditions and dimensional Henry's constant of the solute in the system. We applied Eq. 6 to study the kinetics of slow methanol formation process in spent pulping liquor at temperature of 70°C. Because of methanol formation, the logarithmic linear relationship between the GC signal peak area and extraction number [33] is no longer valid as shown in Fig. 4 . The logarithmic linear relationship was also found in dynamic headspace and purge and trap techniques by Careri and others [36] , a characteristic of the diffusion process of a solute from a solution to a headspace. The authors studied the kinetics of the dynamic headspace and purge and trap techniques to determine the effectiveness of the two techniques for quantifying trace amounts (ppb level) of nitrous oxide in seawater. The deviation from the logarithmic linear relationship is more evident when a longer time delay between two consecutive headspace extractions was used. The same amount of methanol formation was obtained when different headspace extraction delay times were used (Fig. 5) , indicating the validity of the measurements and technique developed. Fig. (3) . Effect of colloidal substance on the vapor-liquid equilibrium behavior of toluene in aqueous solution (GC, gas chromatography).
MULTIPLE HEADSPACE EXTRACTION FOR PROCESS KINETICS STUDY
Multiple headspace extraction (MHE) is similar to dynamic headspace gas extraction but is carried out in steps. Later, we incorporated a sink or source term in the material balance equation (Eq. 4) to account for mass conservation due to chemical reaction or adsorption or desorption by a solid phase of the solute in the system under study [35] . When the rate of change of the solute due to the source or sink in the system is much slower than the rate of VLE of the solute and the increase of the solute did not affect the solute infinite dilution assumption, Henry's law still holds approximately. Furthermore, the ratio between the changes of the concentrations of the solute in the vapor and in the liquid phase can be approximated by the dimensionless Henry's constant. Then, Eq. 4 can be modified as follows: (4) where D Ai is the change of GC signal peak area due to the change of solute concentration in the vapor phase (headspace). Therefore, the kinetics of the solute can be expressed as: Fig. (4) . A typical relationship between the gas chromatography (GC) signal peak area and the headspace extraction number in multiple headspace measurements for the system with solute mass formation. (Reprinted from [35] with permission from Elsevier).
SUMMARY
Headspace gas chromatography is a mature and reliable technology. Many HSGC techniques can be implemented in commercial systems. Because of the unique isothermal environment of the headspace and the headspace sampling process along with chromatographic separation of species, HSGC has great potential for many laboratory and industrial applications other than quantitative analysis of volatile species, which was the initial intended purpose of its development. This review article presents some recent developments in exploration of HSGC potential. The objective of this article is to encourage further innovations in HSGC. 
